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Preparation of Silver Nanoparticles by Using
Tripropylene Glycol as the Reducing Agents
of Polyol Process

Tzu Hsuan Chiang, K.-D. Wu, and Tsung-Eong Hsieh

Abstract—Silver (Ag) nanoparticles were prepared by the polyol
process using tripropylene glycol, 3-ethyl-3-oxetanemethanol,
and polycaprolactone triol as the reducing agents and
poly(vinylpyrrolidone) (PVP) with average molecular weights
(M) of 10 000, 55 000, and 1 300 000 as the protective agent,
respectively. It was found that the sizes of Ag particles were af-
fected by the type of reducing agent, M, of PVP, the concentration
of PVP, reaction temperature, and time. The Ag nanoparticles as
small as 34.4 nm were achieved when the reaction was conducted at
atmospheric ambient and a temperature of 120 °C for 3 h by using
tripropylene glycol as the reducing agent and 20 wt.% PVP with
an M, of 55 000. The nanoscale Ag particles with face-centered
cubic structure exhibited a strong surface plasmon resonance peak
at 350 nm in the UV-visible spectrum.

Index Terms—Polyol process, reducing agent, silver nanoparti-
cles, tripropylene glycol.

I. INTRODUCTION

ILVER nanoparticles have attracted the attention of numer-
S ous researchers in the electronic industry due to their high
electrical conductivity and because they are an essential compo-
nent of the conducting inks, pastes, and adhesives that are used
for the fabrication of various electrical parts [1]-[3]. Nanoscale
Ag powders can be prepared either by physical processes, such
as mechanical milling [4], or by chemical processes, such as re-
duction reactions [5], [6], photochemical or radiation-chemical
reduction reactions [7], [8], sonochemical reactions [9], and
polyol process [10]. Among these alternatives, the polyol pro-
cess has been demonstrated to be a reliable method for the
synthesis of metallic nanoparticles with high purity and uni-
form particle size [11]. Fievet et al. [11] first utilized ethylene
glycol (EG, HOCH»-CH5OH) as the reducing agent and solvent
for the reduction of silver nitrate (AgNO3) to yield Ag nanopar-
ticles at 160 °C without using poly(vinylpyrrolidone) (PVP). In
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TABLE I
SUMMARY OF REDUCTION CONDITIONS OF AGNO3 IN EG
WITH PVP [12]-[18]

Reaction Time Ag particle size Ref.
temperature | (hr)
O
186 4 10.4 nm [12]
186 3 33 nm [13]
170 1 Nanowire, 30 ~ 60 nm [13]
Length: 0.5~ 1 um

120 b Widf; 100 ~ 200unm (3]
170 1.5 Nanorod, 2 ~ 5 pm [16]
120 22 21 nm [17]
140 1 144 nm [18]
120 3 34.4nm This work

subsequent studies of the synthesis of Ag nanoparticles [12]-[
18], PVP was dissolved in EG and the reactions were commonly
performed at temperatures ranging from 120 to 186 °C (see Ta-
ble I). Alternatively, He ez al. [19] studied the usage of methanol
(CH30H), 2-propanol ((CH3)» CHOH), ethanol (Co H; OH), and
N, N-dimethylformamide (DMF, (CH3),NCOH) as the reduc-
ing agents in the polyol process. These reducing agents contain
hydroxyl groups (—OH) groups that can react with AgNOj3 dur-
ing the reduction reaction. The utilization of several other types
of reducing agents has been reported, including poly(ethylene
glycol) (Ca 1 2Hup 16054 2) [20]-[22], glycerol (C3H5(OH)3)
[23], glycolaldehyde (CoH4O9) [24], sugars [25], sodium cit-
rates [26], and NaBH, [27].

This study investigates the synthesis of Ag nanoparticles
using monomers that contain —OH groups as the reduc-
ing agents [28], e.g., tripropylene glycol (H(OC3Hg)3OH),
3-ethyl-3-oxetanemethanol (C3H;203), and polycaprolactone
triol (CoH; C[CH2O[CO(CHs);0],,H]3), and using PVP as the
protecting agent in order to control the size of the Ag parti-
cles. Fig. 1 shows the chemical structures of the reducing agents
that were used. The effects of the reducing agent types, aver-
age molecular weight (M,,) and concentration of PVP, reac-
tion temperatures and reaction times on the sizes, shapes, and
morphologies of the Ag nanopartilces were characterized, and
relevant discussions are presented in the following sections.

1536-125X © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Chemical structures of (a) ripropylene glycol, (b) 3-ethyl-3-
oxetanemethanol, and (c) polycaprolactone triol.

II. EXPERIMENTAL
A. Materials

The AgNO3 was supplied by HWANG LONG, Ltd., Taiwan.
Tripropylene glycol, 3-ethyl-3-oxetanemethanol, polycaprolac-
tone triol, and PVP with M, of 10 000, 55 000, and 1 300 000,
respectively, were purchased from the Aldrich Company.

B. Preparation of Ag Nanoparticles

First, at room temperature, various amounts of PVP were
dissolved separately in the three types of reducing agents as
listed below. PVP with AM,, = 10 000: solutions containing
10, 15, and 20 wt.% of PVP were prepared. PVP with M,, =
55 000: solutions containing 2, 10, 15, and 20 wt.% of PVP
were prepared. PVP with M, = 1 300 000: solution containing
10 wt.% of PVP were prepared. Then, appropriate amounts of
AgNO; were added to the above mixtures at the fixed weight
ratio of AgNOj;:reducing agent = 1:100. All of the solutions
were heated to 120 °C at a heating rate of 4 °C/min, and the
reduction reaction was allowed to proceed at this temperature
for 3 or 24 h. By adding the alcohol solution and oscillating the
mixture in an ultrasonic cleaner for 10 min, the Ag nanoparticles
were extracted from the reaction products via centrifugation
(EBA21, Hettich). The cleaning procedures for above products
were repeated for at least five times to remove the residual
reducing agents and PVP.

C. Microstructure Characterizations

1) X-Ray Diffraction: Appropriate amounts of the Ag
nanoparticles were mounted on 1 cm x 1 cm glass plates and
then transferred to an z-ray diffractometer (XRD, MacScience
MI18XHF) to characterize the structure of nanoparticles. The
x-ray light source was Cu-K, radiation with a wavelength of
0.154 nm. The data scanning rate was 5°/min for diffraction
angles ranging from 30° to 90°.

2) UV-Visible Spectroscopy: The absorption spectra of
the alcohol solutions containing Ag nanoparticles were ob-
tained by a Hitachi U-2001 UV-visible spectrometer equipped
with a 10-mm quartz cell. Solution samples for UV-visible

spectroscopic analysis were prepared by adding 0.1 g of the
Ag nanoparticle mixture to 10 mL of alcohol.

3) Fourier-Transform Infrared (FT-IR) Spectroscopy: For
FT-IR analysis, the alcohol solutions that contained the Ag
nanoparticles were spin coated on KBr discs. The analysis was
achieved by using a PerkinElmer Spectrum 100 FT-IR spec-
trometer in the wavenumber range of 400—4000 cm~! and the
spectral resolution of 4 cm™?.

4) Nuclear Magnetic Resonance (NMR) Analysis: The sam-
ples for NMR analysis were prepared by adding the Ag nanopar-
ticles to the CDCI3 solution. The '*C-NMR spectra of the
samples were obtained by using a VARIAN 300 MHz NMR
spectrometer.

5) Transmission Electron Microscopy (TEM): The alcohol
solutions that contained the Ag nanoparticles were oscillated in
an ultrasonic cleaner for 30 min to form uniformly dispersed so-
lutions. Afterward the solutions were dispensed on carbon-clad
Cu mesh and dried at 90 °C to complete the sample prepa-
ration for TEM characterization. The morphologies of the Ag
nanoparticles were characterized by a Philips TECNAI 20 TEM
equipped with energy dispersive spectroscopy (EDS, Genesis)
and operated at an accelerating voltage of 200 kV. TEM micro-
graphs also were used to calculate the sizes of the Ag nanopar-
ticles with the aid of ImagePro 5.0 analytical software (Media
Cybernetics, Inc).

III. RESULTS AND DISCUSSION

A. Effects of Reducing Agent Types

According to the polyol reduction mechanism proposed by
Fievet et al. [11], the metal (M) is formed by the reduction of
M ions via the reactions shown as follows:

7H20
CH,O0H — CH,OH —— CH; — CHO 1

2CH3—CHO ﬂ 2M+2H" + CH3 —CO—CO—CHj3 (2)
Accordingly, the reduction reactions initiated by 3-ethyl-3-
oxetanemethanol can be expressed by (3) and (4), while the
reactions initiated by tripropylene glycol can be expressed by
(5) and (6). Note that hydrogen ions (H") are produced by the
reduction of an Ag"' ion to a metallic Ag [29], as indicated by
(4) and (6) as follows:

/OH 0
O
O
3)
O H
Agh + ch\glj\ —> H3C\§D + Ag + ut
O O (

4)
2HOC;H¢-(0C3Hg),-OH — 20C;H;-(0OC3Hg),H + 2H,0  (5)
2Ag" +20C;H;-(0C;3Hg),H — H(OC3Hg),-C3H,0-0C;H,
(OC3Hg),H + 2Ag +2H" (6)
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Fig. 2. (a) TEM micrograph and (b) EDS profile of Ag nanoparticles ob-
tained by using 3-ethyl-3-oxetanemethanol as the reducing agent at reaction
temperatures of 120 °C for 3 h without adding PVP.
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Fig.3. (a) TEM micrograph and (b) EDS profile of Ag nanoparticles obtained
by using tripropylene glycol as the reducing agent at reaction temperatures of
120 °C for 3 h without adding PVP.

Figs. 2(a) and 3(a) present the TEM micrographs of the Ag
nanoparticles prepared by using 3-ethyl-3-oxetanemethanol and
tripropylene glycol, respectively, as the reducing agents at the
reaction temperature of 120 °C for 3 h without adding PVP. The
formation of the Ag phase was identified by EDS, as shown
in Figs. 2(b) and 3(b). Note that the Cu signals in the EDS
profiles are originated from the Cu mesh used for the TEM
sample preparation. Moreover, no Ag phase was detected when
polycaprolactone triol was used as the reducing agent in the
polyol process, indicating that the —OR groups on polycaprolac-
tone triol could not initiate the reduction reaction. A comparison
of Figs. 2(a) and 3(a) indicates that the utilization of tripropylene
glycol resulted in smaller Ag nanoparticles than those obtained
by using 3-ethyl-3-oxetanemethanol. Tripopylene glycol con-
tains three —OH groups, while 3-ethyl-3-oxetanemethanol has
only one, and the greater number of —OH group on the tripopy-
lene glycol molecules might cause the acceleration of reactivity,
leading to the efficient formation of the aldehyde group com-
pound during the reaction. The aldehyde group compound might
promote the formation of Ag nuclei, thereby producing smaller
Ag nanoparticles and increasing product yield at the same reac-
tion time.

Fig. 4 presents a representative XRD pattern of the Ag
nanoparticles produced by using tripropylene glycol as the re-
ducing agent. The Ag nanoparticles with face-centered-cubic
(FCC) structure can be identified according to Joint Committee
of Powder Diffraction Standard No. 26-0339.

FT-IR spectra of pure tipropylene gycol and the hybrid of
tipropylene gycol and AgNOj are presented in Fig. 5. The peaks
at 1650 and 1720 cm ™! correspond to the vibration of the —C—0O
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Fig.4. XRD pattern of Ag nanoparticles obtained by using tripropylene glycol
as the reducing agent.
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Fig. 5. FTIR spectra of pure tripropylene glycol and hybrid of tipropylene
gycol and AgNO3.

bond of tripropylene glycol and of the ketone (—C = O) on the
aldehyde group, respectively, illustrating the presence of the
intermediate, OC3H5-(OC3Hg )2, during the reduction reaction.
This is further evidenced by the peak in the '* C-NMR spectra
at 207.12 ppm (see Fig. 6), which indicates the formation of
an intermediate, i.e., a ketone on an aldehyde group, during the
reduction reaction. The intermediate is the key component that
may promote the formation of Ag particles, as depicted by (6).

B. Effects of Reaction Temperature

Figs. 7(a) and 7(b) separately present the TEM micrographs
of the Ag nanoparticles obtained by using tripropylene glycol
as the reducing agent at reaction temperatures of 80 and 120 °C
for 3 h without adding PVP. It is apparent that the size of Ag
particle decreased as the reaction temperature was increased.
This resulted from the increasing reduction reactivity of
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Fig. 6. !3C-NMR spectra of hybrid of tripropylene glycol and AgNO3.

Fig. 7. TEM micrographs of Ag nanoparticles obtained by using tripropylene
glycol as the reducing agent at reaction temperature of (a) 80 and (b) 120 °C
for 3 h without adding PVP.

tripropylene glycol at higher temperatures, which promoted the
formation of Ag nuclei. Usov et al. reported similar results, i.e.,
when sugars was used as the reducing agent, the size of Ag par-
ticles decreased when the reaction temperature was increased
from 30 to 60 °C [30].

C. Effects of M,, and Concentration of PVP

Itis widely known that adding organic protective agents, such
as PVP, to reacting solutions may prevent particle aggregation
and control the particle shape [13]. PVP is a homopolymer in
which the individual unit contains an amide group. The N and
O components in such a polar group have a strong affinity for
Ag, which allows the control of the size of Ag particles. All
samples discussed in this section were prepared at 120 °C for
3 h by using tripropylene glycol as the reducing agent and PVP
as the protecting agent at various M,, values and weight ratios.

Fig. 8.  TEM micrographs of Ag particles prepared at 120 °C for 3 h by using
tripropylene glycol as the reducing agent and (a) 10, (b) 15, and (c) 20 wt.% of
PVP with an M,, of 10 000.

Fig. 8(a)—(c) and Fig. 9(a)—(c) show the TEM micrographs
of Ag nanoparticles prepared by using PVP with M,, = 10 000
and 55 000, respectively, at various weight ratios. These figures
show that the shape of particles and their degree of aggregation
apparently depend on the PVP concentration and PVP’s M,,.
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Fig. 9. TEM micrographs of Ag particles prepared at 120 °C for 3 h by using
tripropylene glycol as the reducing agent and (a) 10, (b) 15, and (c) 20 wt.% of
PVP with an M,, of 55 000.

Regardless of the value of M,,, the particle size decreased as the
concentration of PVP increased. As shown in Figs. 8(a), large,
flake-like Ag particles with polygonal shapes were obtained
in the sample that had 10 wt.% PVP with an M, of 10 000.
Particle refinement occurred when the PVP concentration was
equal to or greater than 15 wt.%, as shown in Figs. 8(b) and
(c), but flake-like Ag particles also were observed. The results
presented in Fig. 8 indicate that low-1/,, PVP is insufficient
to prevent the coarsening of Ag particles because there were
fewer nucleation sites on the shorter polymer chain. While the
addition of a relatively large quantity of low-M,, PVP plausibly
could produce nanoscale Ag particles, this approach would not
result in uniform particle size or shape.

Fig. 9(a)—(c) indicates that the size of the Ag particles de-
creased dramatically and that the particles became round up
when PVP with an M, of 55 000 was used. Apparently, the
value of M,, or, the chain length, of the protecting agent was
a key factor in controlling the size of Ag particles. Analysis
of the images showed that the average size of the Ag particles
decreased from 74.1 nm for a PVP concentration of 10 wt.% to
34.4 nm for a PVP concentration of 20 wt.%. Fig. 9 also shows
that the uniformity of the shape of the particles increased as
the size of particles decreased due to the addition of the protec-
tive agent with an appropriate M, value. This is illustrated by
Fig. 9(c), in which most of the Ag nanoparticles exhibit good
sphericity.

Fig. 10 presents the TEM micrograph of the Ag nanoparticles
prepared by using PVP with an M, of 1 300 000. A comparison
of Figs. 9(a) and 10 indicates that, at the same PVP concentra-
tion, the sizes of the Ag nanoparticles prepared by using PVP
with an M, of 1 300 000 are similar to those prepared by using
PVP with an M, of 55 000. Since PVP with an M, of 1 300 000
contains more repeating units per molecule than the PVP with
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Fig. 10.  TEM micrographs of Ag nanoparticles prepared at 120 °C for 3 h by
using tripropylene glycol as the reducing agent and 10 wt.% of PVP with an
M, of 1300 000.
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Fig. 11. UV-visible extinction spectra of Ag particles prepared at 120 °C for
3 h by using tripropylene glycol as the reducing agent and PVP with various
M,'s.

an M,, of 55 000, it attracts more Ag" ions per molecule and,
hence, the Ag nanoparticles are more likely to aggregate as
they are growing. Such a result is illustrated by Fig. 11 which
presents the UV-visible extinction spectra obtained from solu-
tion samples prepared by using 10 wt.% of PVP with various
M, values. The UV-visible spectroscopy is a useful tool for an-
alyzing the morphological effects and kinetics of nanoparticle
formation in terms of the surface plasma resonance (SPR) exci-
tations [31]-[33]. For the samples prepared by using PVP with
M, values of 55 000 and 1 300 000, the SPR peak at 470 nm
indicated the formation of colloidal Ag nanoparticles [34]. In
addition, Fig. 11 shows that the bandwidth of the 470 nm peak
for the sample prepared by using PVP with an M, of 55 000 was
slightly wider than that of the sample prepared by using PVP
with an M, of 1 300 000. The wider bandwidth implies the
presence of nanoparticles with smaller sizes [31], in agreement
with our TEM calibration, which indicated that the average size
of the Ag nanoparticles prepared by using 10 wt.% of PVP with
an M,, of 55 000 was 74.1 nm, while those prepared by using
10 wt.% PVP with an M, of 1 300 000 was 81.3 nm. Hence,
optimization of the M, value of the protecting agent is also a
key factor in producing the desired size of the Ag nanoparticles.
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Fig. 12. TEM micrographs of Ag nanoparticles prepared by at 120 °C for 24 h
by using tripropylene glycol as the reducing agent and 10 wt.% of PVP with an
M, of 55 000.

The results presented in Figs. 8 and 9 also indicate that the
PVP concentration is another factor affecting the size and shape
of the Ag nanoparticles. Regardless of the M, value, the particle
size decreased as the PVP concentration increased. The evolu-
tion of particle size delineated above can be explained in terms
of the steric hindrance effect. Low PVP concentration provides
insufficient steric hindrance to inhibit the aggregation of Ag par-
ticles due to incomplete coverage of the surface of the particles.
Thus, a sufficient concentration of PVP is, hence, essential for
producing Ag nanoparticles with uniform morphology.

UV-visible spectroscopy can be used to analyze the morpho-
logical evolution involved in the growth process because the Ag
nanoparticles with different shapes exhibit characteristic SPR
bands at different frequencies. Fig. 11 shows that a shoulder
peak occurred at about 350 nm for the sample prepared by us-
ing PVP with an M,, of 55 000. Wiley et al. [35] reported
that cubic-phase nanoparticles possess SPR peaks at 350 and
470 nm. Kottmann and Martin [36] reported that the SPR peak
at 350 nm corresponds to the out-of-plane quadrupole reso-
nances originating from the Ag nanoparticles with tetrahedral
shapes. This was confirmed by our XRD analyses which showed
that the Ag nanoparticles prepared in this study were in the FCC
phase (see Fig. 4). The TEM micrograph shown in Fig. 9(a), in
which the Ag nanoparticles in tetrahedral form can be seen, also
confirmed that the Ag nanoparticles prepared in this study were
in the FCC structure. Widoniak et al. [37] reported that large
particles with nonuniform shapes possess an extinction band at
about 300 nm and that particles with sizes above 500 nm have
no characteristic peaks at the wavelengths greater than 350 nm.
As shown in Fig. 11, the results we obtained with the UV-visible
spectrum of the sample prepared by using PVP with an M,, of
10 000 was in good agreement with Widoniak et al.’s results.

D. Effects of Reaction Time

Fig. 12 shows the TEM micrograph of Ag nanoparticles pre-
pared at 120 °C for 24 h using tripropylene glycol as the reducing
agent and 10 wt.% of PVP with an M,, of 55 000. Comparing
with the Ag nanoparticles prepared at the same reaction condi-
tions but different reaction times of 24 and 3 h, Fig. 9(a) shows
that the prolonged reaction time, in fact, has little effect on aver-

age particle sizes, but the production yield of Ag nanoparticles
increased from 50% to 80%. Furthermore, Fig. 12 indicates that
the size and shape of Ag particles became nonuniform when the
reaction time is increased. Phase transformation can be divided
into four stages, i.e., the incubation period, steady-state nucle-
ation, growth, and coarsening. As the reaction time increased,
nucleation and growth exhausted the available Ag" ions, and
the coarsening of particles became the dominant process. The
nonuniform particle size likely resulted from the Ostwald ripen-
ing effect or, the reduction of the surface energy, of the whole
system. The theory of particle coarsening delineates that a chem-
ical potential gradient will be built up in between the particles
of different sizes. Small particles possess high surface curva-
ture and, thus, high chemical potential, leading to a mass flow
toward the large particles with low surface curvature. Large Ag
particles coarsen at the expense of small Ag particles and, as the
particles grow, they are enclosed preferentially by low-energy
crystal planes, e.g., the {1 1 1} planes of FCC system, thereby
reducing the total surface energy of sample. This results in Ag
nanoparticles with tetrahedral and truncated octahedral shapes,
as shown in Fig. 12.

IV. CONCLUSION

This paper presents the preparation of Ag nanoparticles
via the polyol process by using tripropylene glycol, 3-ethyl-
3-oxetanemethanol, or polycaprolactone triol as the reducing
agent and PVP as the protecting agent. Tripropylene glycol was
found to possess the highest reactivity due to its long-chain
structure with abundant —OH groups that may efficiently initi-
ate the reduction reaction. Tripropylene glycol combined with
20 wt.% of PVP with an M, of 55 000 exhibited the best result,
i.e., uniform Ag nanoparticles with an average size as small as
34.4 nm were produced at the reaction temperature of 120 °C
for 3 h. In addition, these small Ag nanoparticles were produced
with a shorter reaction time than the reaction times in previous
studies that used EG as the reducing agent at the same reaction
temperature of 120 °C. A shoulder peak appeared at 350 nm
in the UV-visible spectrum, indicating that the synthesized Ag
nanoparticles had an FCC structure. These results also were
confirmed by TEM/EDS and XRD analyses. The morphology
of the Ag nanoparticles was characterized by TEM which in-
dicated that the size and shape of the Ag nanoparticles were
affected by the M,, value and the concentration of PVP used for
the reduction reaction.
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